The urokinase plasminogen activator receptor (uPAR) mediates cell motility and tissue remodeling. Although uPAR may be expressed transiently in many tissues during development and wound healing, its constitutive expression appears to be associated with several pathological conditions, including cancer. uPAR expression has been demonstrated in most solid tumors and several hematologic malignancies including multiple myeloma and acute leukemias. Unlike many tumor antigens, uPAR is present not only in tumor cells but also in a number of tumor-associated cells including angiogenic endothelial cells and macrophages. The expression of uPAR has been shown to be fairly high in tumor compared to normal, quiescent tissues, which has led to uPAR being proposed as a therapeutic target, as well as a targeting agent, for the treatment of cancer. The majority of therapeutic approaches that have been investigated to date have focused on inhibiting the urokinase plasminogen activator (uPA)-uPAR interaction but these have not led to the development of a viable uPAR targeted clinical candidate. Genetic knockdown approaches e.g. siRNA, shRNA focused on decreasing uPAR expression have demonstrated robust antitumor activity in pre-clinical studies but have been hampered by the obstacles of stability and drug delivery that have limited the field of RNA nucleic acid based therapeutics. More recently, novel approaches that target interactions of uPAR that are downstream of uPA binding e.g. with integrins or that exploit observations describing the biology of uPAR such as mediating uPA internalization and signaling have generated novel uPAR targeted candidates that are now advancing towards clinic evaluation. This review will discuss some of the pitfalls that have delayed progress on uPAR-targeted interventions and will summarize recent progress in the development of uPAR-targeted therapeutics.
INTRODUCTION
This urokinase plasminogen activator (uPA) system is comprised of a serine protease (uPA), its glycolipid (glycosylphosphatidylinositol) anchored receptor (uPAR), and several serine protease inhibitors (serpins) including plasminogen activator inhibitor 1 (PAI-1) [1] . uPA binds to uPAR, leading to the subsequent activation of plasminogen to plasmin [2] (Fig. 1 ). Plasmin is a promiscuous protease that initiates several extracellular proteolytic cascades and the binding of uPA to uPAR increases the efficiency of plasminogen activation [2] . It also serves to localize these proteolytic cascades to the migrating or invading edge of cells [3] . These proteolysis events are tightly controlled by PAI-1 and PAI-2, and the PAI-uPAuPAR complex can be internalized with uPAR being recycled to the cell surface [4] . Extracellular proteolysis mediated by the uPA system is involved in extracellular matrix (ECM) remodeling, cell migration and invasion in normal processes such as wound healing and reproduction; however, the dysregulation of this system plays a major role in a number of pathological processes as well including tumor progression [1] . This observation has led to the numerous efforts attempting to intervene in the function of this system as a therapeutic approach for the treatment of cancer.
Although the uPA system is comprised of several constituents, uPAR is central to its activity. The uPAR protein is not expressed at detectable levels in most quiescent cells and tissues in adult humans ( Fig. 2A) although it does appear to be expressed in a variety of different tumor tissues ( Figs. 2A and B) . The selective expression of uPAR in tumor tissue and its role in mediating cell motility has led to uPAR being proposed as a therapeutic target for the treatment of cancer. Numerous studies over the past 20 years have provided strong rationale for developing therapeutic agents that target uPAR [5] [6] [7] . However, despite significant activity in this regard, no uPAR targeted therapeutic agent has been advanced into clinical evaluation. A number of obstacles have retarded progress on the discovery and development of uPAR inhibitors for clinical evaluation in cancer patients including issues with species specificity, tumor model limitations and a rapidly evolving landscape on the relevant activities and epitopes of uPAR to target. First generation uPAR antagonists have, in general, been underwhelming with respect to their in vivo activity and this has led to pessimism as to the ability to target uPAR therapeutically. However, a deeper understanding of uPAR function has recently resulted in the identification of several novel therapeutic approaches that overcome some of these hurdles and show promise as clinical candidates. The evolution of uPAR targeted therapies and the status of their development for the clinic are the subject of this review.
uPAR as a Cancer Target
One of the most important considerations that must be taken into account when designing a molecularly targeted therapeutic is target validation. Although the concept of validation has a different meaning and level of rigor depending on the stage of therapeutic development, in its earliest incarnation a potential therapeutic target must be shown to be present in and associated with disease. In later stages of development the target must have a demonstrated role in the disease processes and progression. Cell line data and analysis of tumor samples have demonstrated that uPAR plays a role in a number of different processes critical to tumor progression including angiogenesis [8] , tumor growth [9] , and metastasis [10] . uPAR is expressed in most solid cancers as well as in several hematologic malignancies including myeloproliferative disorders, acute leukemias (e.g. ALL, AML) and multiple myeloma [11] [12] [13] . uPAR is an attractive target for the treatment of cancer not only because it seems to have multiple functional roles associated with tumor progression but also because its expression is restricted quite tightly to tumor tissue and it is rarely expressed in adjacent normal quiescent tissue (Fig. 2) [14, 15] . uPAR expression is transiently up-regulated during several physiological processes, such as during wound healing and inflammatory response to infection [16] [17] [18] . However, in cancer, uPAR expression appears to be constitutive and associated with disease aggressiveness [19, 20] . uPAR is expressed by multiple tumorassociated cell types found in tumors including tumor and endothelial cells and infiltrating inflammatory cells such as neutrophils and macrophages. Expression of uPAR is further upregulated by hypoxia and may facilitate the epithelial-mesenchymal transition hypothesized to occur as a tumor acquires an invasive phenotype [21] . In general, the uPAR expression pattern in tumors falls into two categories: tumors in which uPAR is expressed by both tumor and tumor-associated cells (e.g., pancreatic cancer [22] , bladder cancer [23] , and renal cell carcinoma [15] ) and tumors in which uPAR is expressed on tumor-associated cells but not on the tumor cells themselves e.g., colon cancer [24] . Targeting uPAR expressed on tumor-associated cells may be as important as targeting uPAR expressed on tumor cells and may lead to enhanced antitumor activity especially in those tumor types expressing uPAR on both types of cells. It is now well accepted that the tumor microenvironment and stroma is critical component in tumor progression [25] : angiogenic endothelium in a tumor is required for tumor growth and it is fueled by tumor infiltrating cells, such as macrophage, which promote tumor progression via growth factor and cytokine flux. This was reaffirmed in a recent study in breast cancer patients in which uPAR expression in tumor-associated stromal and inflammatory cells correlated with poor prognosis [26] . uPAR expression is upregulated on macrophages associated with a tumor compared with monocytes circulating in the blood or their counterparts residing within normal tissue [27] . uPAR expression is also observed on angiogenic endothelium [28] within a tumor as well as on other tumor stromal cells [29] . A corollary of these observations is that uPAR expression appears to increase with grade or stage (i.e. aggressiveness) of the tumor and may be enriched in metastatic lesions [30] . These recent studies emphasize the importance of targeting tumor-associated cells in addition to the tumor cells themselves and provide a strong rationale for the discovery and development of uPAR targeted therapeutics.
Therapeutic Targeting of uPAR: A Historical Perspective
uPAR was initially identified as a regulatory molecule that controlles fibrinolysis by virtue of its role in regulating plasminogen activation, fibrin dissolution and therefore extracellular proteolysis (Fig. 1) . Extracellular proteolysis is associated with ECM remodeling and can expose cryptic epitopes in ECM proteins that regulate pericellular biology. uPAR binds to the serine protease urokinase plasminogen activator (uPA), which is secreted as a singlechain zymogen, pro-uPA or single-chain uPA (scuPA), and requires binding to uPAR for activation [31] . uPA bound to uPAR activates cell-surface bound plasminogen (which also binds to several cell surface proteins) 50-fold more efficiently than if both molecules were free in solution. Thus, one of the roles of uPAR in this extracellular plasminogen activation cascade is to increase the efficiency of plasminogen activation [2] . Once plasminogen is activated to plasmin, a series of downstream reactions can be initiated both temporally and simultaneously (Fig. 1) . Plasmin is able to directly proteolyze ECM components and release ECM-bound growth factors such as vascular endothelial growth factor and basic fibroblast growth factor either directly [32] or indirectly [33] through the activation of pro-matrix metalloproteinases, which when activated can also further degrade ECM. uPAR also imparts directionality to the proteolytic process. uPAR is a glycosylphosphatidylinositol (GPI) anchored receptor with no transmembrane domain and has been demonstrated to redistribute to the invasive or migrating front of a cell [34] . Since the GPI anchor is connected only to the outer leaf of the cell membrane, redistribution of uPAR in response to pro-migratory signals may occur rapidly. This focuses proteolysis in the direction of movement, creating a path through the ECM and generating a pro-migratory gradient for movement by exposing chemo-tactic ECM epitopes and fragments and freeing growth factors [3] . Many of these activities related to extracellular proteolysis have been implicated in tumor growth and metastasis and suggested reasonable targets for treating cancer. Thus, in an attempt to inhibit the extracellular proteolysis initiated by uPA, initial studies on how to therapeutically target uPAR focused on decreasing plasminogen activation by inhibiting the binding of uPA to uPAR. Unfortunately, the results from this strategy have been, for the most part, underwhelming with little effect observed on tumor growth. The modest effects observed on metastasis were only observed when treatment was started early in the study before seeded metastatic tumors had an opportunity to grow out. Peptide and small-molecule inhibitors of uPA binding to uPAR have been described and many of these focused on developing analogs based on the uPAR binding region of uPA, the growth factor domain (GFD). The GFD is comprised of approximately 48 amino acids and its structure is maintained by three disulfide bonds, one of which forms the so-called Ω-loop that contains the uPAR binding region (aa 22-28) [35] . Cyclic peptide inhibitors based on the Ω-loop that were cyclized using non-disulfide based linkers have been described to have anti-invasive activity in vitro [36, 37] . Multifunctional inhibitors containing peptides derived from the GFD have also been shown to inhibit the growth and invasion of ovarian cancer cells in vivo [38] . A pegylated human GFD (amino acids 1-48 of uPA) had modest effects on survival when used as a monotherapy in a U87MG glioma xenograft model [39] although a pegylated mouse GFD, which would be expected to target uPA expressed on tumor associated cells, had a substantially greater effect on survival in this study, an effect that was enhanced when the human and mouse GFD were combined (emphasizing the importance of targeting multiple uPAR expressing cellular compartments within a tumor). Unfortunately, U87MG tumors are not invasive, in contrast to human glioma [40] , and the effects observed in this study were primarily antiangiogenic. Several linear peptide approaches again based on the sequence of the GFD have also been described. Kobayashi et al. showed that a linear peptide derived from the GFD could inhibit the invasion and metastasis of 3LL cells [41] . Recently, peptides with some homology to the uPAR-binding region of uPA were discovered via phage display and further optimized using combinatorial approaches [42] . This resulted in a set of peptides containing D-isomer and non-natural amino acids that bound to human uPAR with high affinity (K d < 1 nM). Several of these (AE120 and AE 152) were shown to inhibit HEp3 carcinoma cell intravasation in a chick chorioallantoic membrane model [42] .
Several small-molecule inhibitors of the uPA-uPAR interaction have also been reported. Glycinamide inhibitors, which inhibit the binding of uPA to uPAR with IC 50 values in the double-digit nM range have been described but these were never evaluated in functional assays (e.g. migration, invasion) in vitro or in animal tumor models [43] . Similarly, oligothiophene derivatives that inhibit uPA binding to uPAR with IC 50 values in the μM range [44] , O-substituted hydroxycumaranones, which are described as inhibiting uPA binding to uPAR with IC 50 values of ~0.05 μg/mL [45] , and substituted aminobiphenyl carboxylicacid derivatives, the most potent of which inhibits the binding of uPA to uPAR with an IC 50 value of 0.8 nM, have also been described [46] . No additional data beyond characterization of their inhibitory potential is available for these compounds and to our knowledge, they have not advanced into preclinical development.
One of the challenges that has presented an obstacle to developing therapeutics that target the binding of uPA to uPAR has been the species specificity of the uPA-uPAR interaction. Mouse uPA binds to human uPAR very poorly, with a K d that is 100-1000× higher than that for the interaction of human uPA with human uPAR and vice versa. Thus, in a typical tumor xenograft model where tumor cells of human origin are grown in a mouse, only the effects of targeting the uPA-uPAR interaction directly on the tumor cell with an antagonist can be evaluated (assuming that the tumor cells also make uPA, which is often the case in tumor cell lines that express uPAR). The structural basis for this specificity has recently been described [47] . The development of a therapeutic targeting the human uPA-uPAR interaction would likely not bind to mouse uPAR, creating a challenge to the evaluation of these types of antagonists in mouse models and may explain some of the disappointing results obtained with the uPAR antagonists described above. Alternatively, the observation that uPAR interacts with many different ligands in addition to uPA suggests that perhaps targeting the uPA-uPAR interaction is not the most relevant target for inhibiting tumor progression. Recent data in the patent literature describing a panel of fully human monoclonal antibodies that block the uPA-uPAR interaction support this hypothesis. Pharmacologically, these antibodies would be expected to be far superior to peptides that inhibit uPA binding to uPAR yet their effects on tumor growth in xenografts are also modest at best [48] . In contrast, a number of genetic knockdown experiments that decrease uPAR expression in tumor cells have demonstrated robust antitumor effects, which is further evidence of the importance of uPAR as a cancer target if the correct "epitope" on uPAR can be identified and targeted. For example, antisense uPAR approaches in human glioma tumor cell lines showed that decreasing uPAR expression in these tumor cells could have profound effects on tumor cell growth, apoptosis, and invasion [49, 50] . Thus, even targeting only the tumor cell population in a xenograft model by decreasing uPAR function could lead to attenuated tumor growth and metastasis. Further, these xenograft experiments likely underpredict the antitumor activity (and the potential for toxicity) of uPAR targeting that might be observed in humans since the effects of inhibiting uPAR function in tumor-associated cells such as angiogenic endothelium and macrophages were not evaluated in these studies. The disconnect between an all-encompassing effect on uPAR function using antisense and the data obtained using molecules that blocked the uPA-uPAR interaction or uPA enzymatic activity on a tumor cell suggests that, in addition to targeting the uPA-uPAR interaction, targeting other aspects of uPAR function might also have significant therapeutic implications.
Novel Approaches to Targeting uPAR and Their Translation Toward the Clinic
In addition to binding to uPA and regulating cell surface proteolysis, GPI anchored uPAR can interact with a number of other protein ligands including integrins [51] , epidermal growth factor receptor (EGFR) [52] , platelet-derived growth factor receptor (PDGFR) [53] , the internalizing receptor lipoprotein receptor-related protein (LRP) [54, 55] , caveolin [56] , the G-protein-coupled receptor FPRL-1, a homologue to the fMLP receptor [57] , and vitronectin [58] . The interaction of uPAR with these proteins in many cases regulates cell signaling and several uPAR ligands (integrins, EGFR, PDGFR) have independently been identified as cancer targets. The interaction of uPAR with these proteins may present novel epitopes for inhibiting uPAR function and evaluating the effect of perturbing these interactions in mouse tumor models may not face the same obstacles of species specificity as observed with uPA-uPAR binding antagonists. For example, a direct association of uPAR with α 5 β 1 integrin has been described and several regions of uPAR have been implicated in this interaction (amino acids 130-142 (D2A), 240-248, and amino acid 249) [59] [60] [61] . Mutation of a single amino acid (Ser245) within this region to alanine (S245A) in cell surface-expressed uPAR impaired its interaction with α 5 α 1 . Direct interactions of uPAR with α 3 β 1 (46), α 4 β 1 , α 6 β 1 , α 9 β 1 α v β 3 (47) , and Mac-1(CD11b/CD18; α M β 2 ) [62] have also been reported in a variety of cell types including tumor cells and monocytes/macrophages. Many of these uPAR-integrin interactions stimulate intracellular signaling via SRC [63] [64] [65] . SRC activates focal adhesion kinase leading to alterations in matrix assembly, proliferation and inhibition of integrin interactions [64] [65] [66] . uPAR can also have indirect effects on various signaling pathways. For example, uPAR is required in order for epidermal growth factor receptor to transmit a mitogenic signaling response to epidermal growth factor, a process that is also dependent on SRC [64] . In some processes, such as matrix assembly (50) or epidermal growth factor-mediated migration, ternary complexes of uPAR-integrinepidermal growth factor receptor may also be involved [65] .
As described above, uPAR knockdown experiments alter cell signaling and tumor cell phenotype, which may lead to the identification of other uPAR epitopes that can be targeted. For example, the down-regulation of uPA and uPAR expression using RNA interference in SNB19 human glioma cells inhibited both RAS-and MEK-mediated signaling, affecting the activation of several potential cancer targets including extracellular signal regulated kinase 1/2, phosphatidylinositol 3-kinase, p38 kinase, and c-Jun NH2-terminal kinase and promoted apoptosis in vitro [67] . Anti-uPAR antisense also inhibited tumor cell invasiveness and proliferation of melanoma cells in vitro and tumor growth and metastasis in vivo [68] . Many of the signaling effectors that have been described to mediate uPAR signaling are being pursued as cancer targets in their own rite. The fact that uPAR signaling is pleiotropic and occurs through several pathways leads to the hypothesis that targeting uPAR may capture multiple signaling pathways using a single antagonist. These observations suggest that alternative therapeutic strategies targeting uPAR may lead to more robust antitumor effects than simply targeting the uPA-uPAR interaction.
To that end, several novel uPAR targeted proof-of-principle approaches have recently been described and these can generally be divided into approaches that exploit the selective overexpression of uPAR and uPA in tumor compared to normal tissue and approaches that antagonize a uPAR dependent interaction/function other than the interaction of uPAR with uPA.
A. Approaches that Exploit the Selective Overexpression of uPAR and uPA in
Tumor Compared to Normal Tissue-As described above, uPAR is selectively overexpressed (Fig. 1B) in most solid tumors and several hematological malignancies and there is a high correlation between tumors that express uPAR with those that express its ligand. The internalization of uPAR has been described and requires formation of the uPA-PAI-1-uPAR complex (Fig. 2) [4] . Thus, a number of recent studies have attempted to exploit the internalization of uPAR to deliver cytotoxic therapy to a tumor. For example, disulfide cyclized GFD-derived peptide (amino acids 19-31)-DOTA conjugates bound to 213 Bi (an α emitter) were cytotoxic to OV-MZ-6 uPAR expressing ovarian cancer cells in vitro and furthermore could be localized to OV-MZ-6 tumors when they were injected intraperitoneally in mice [69] . It was not clear from these studies whether the conjugates required internalization to exert their cytotoxic effects since ionizing radiation has the ability to penetrate several layers of cells and induce cell damage and apoptosis without necessarily having to enter a cell, in contrast to cytotoxic small-molecules. Several groups have also focused on using the amino terminal fragment of uPA (ATF, which contains the GFD) to deliver their payload. Similar to the GFD, the ATF binds to uPAR with an affinity that is similar to full size uPA [70] . The advantage of the ATF is that it provides a larger scaffold for either conjugation or fusion, increasing the possibility of generating conjugates or fusion proteins that do not alter the binding affinity of the ATF to uPAR. In addition, the ATF also contains a kringle domain which may have endogenous antiangiogenic activity [71] . Several ATF-toxin fusions have been reported. For example, the ATF-PE (Psudomonas exotoxin) fusion protein has been described in the literature [72] . ATF-PE retained the binding activity of free ATF and was potently cytotoxic to a number of cell lines in vitro with IC 50 values as low as 0.3 pM [72] . The fusions required internalization for their cytotoxic activity but this internalization was not mediated by uPAR but rather by the PE moiety. In general, the ATF is not internalized, consistent with these reports. ATF-diphteria toxin (DTAT) conjugates have also been described. DTAT also retained the binding activity of free ATF and was potently cytotoxic to U87 glioma cells in vitro with an IC 50 similar to the K d for binding [73] . DTAT was also evaluated in a sub-cutaneous U87 model in vivo where treatment with DTAT initiated on day 6 post-tumor cell inoculation significantly delayed tumor growth, more than doubling the time it took for tumors to achieve 2000 mm 3 [73] . More recently, several groups have attempted to utilize ATF-mediated delivery via uPAR to target various nanoparticles to uPAR. Unfortunately, although these studies qualitatively show ATFmediated targeting to tumor cells, there are a number of issues that remain unclear. Yang et al describe the conjugation of iron oxide (IO) nanoparticles to ATF for delivery of ATF-IO to uPAR expressing breast cancer cells [74] . ATF-IO does appear to be bound to tumor cells and localizes to tumor in vivo but the roles of uPAR and ATF in this process is unclear. The authors use a mouse ATF, which is expressed in E.coli, but the folding state and ability to bind to uPAR has not been described. Concentrations for in vitro studies and doses for in vivo studies were not described so it is difficult to assess the utility of these ATF conjugates as uPAR targeting agents. Abdalla et al have also described theragnostic ATF conjugates containing IO and noscapine, also using ATF expressed in E.coli [75] . The dose-response data suggests that these ATF conjugates are not folded properly. Cytotoxicity of these conjugates against prostate cancer cells is observed in the μM range, which is 1000-10,000× above the K d for binding of native ATF to uPAR. Since native ATF is not generally thought to be internalized via uPAR, these studies raise issues with developing ATF as a uPAR targeting agent that remain to be resolved.
We have identified a monoclonal antibody, ATN-291, that is specific for human uPA and binds to the kringle domain. ATN-291 binds to uPA with a K d ~0.5 nM and is internalized in a uPA specific manner that does not appear to require uPA to be activated or to form a uPA-PAI-1 complex (Figs. 3, 4) . Our group has recently described novel stealth liposomes termed nanobins (NB) that exhibit robust antitumor activity in a xenograft model of triple negative breast cancer [76] . The nanobin formulation of arsenic trioxide is able to inhibit mammary tumor growth, while free arsenic trioxide does not affect tumor growth. The cytotoxicity of the NB can be greatly potentiated when targeted for endosome processing with the folate receptor, and demonstrates the advantage of targeting the nanobin [77, 78] . We have recently prepared ATN-291-NB conjugates and have observed that these retain the binding affinity of free ATN-291 and are taken up by uPAR expressing but not uPAR null cells (data not shown). ATN-291-NB have been extensively characterized with regard to synthesis, scale-up, affinity, antibody and lipid content. Studies are presently underway to characterize the in vitro and in vivo anti-tumor activity of ATN-291-NB and to confirm that the specificity of any observed effects is dependent on uPAR expression.
B. Approaches that Inhibit Interactions of uPAR that are Downstream of uPA
Binding-Several proof-of-concept studies support the targeting of uPAR interactions with ligands other than uPA. Peptides derived from integrins that block uPAR-integrin interactions have been described. M25, a peptide derived from the β 2 subunit of Mac-1 inhibited leukocyte adhesion to fibrinogen, vitronectin, and cytokine-stimulated endothelial cells. M25 also blocked the association of uPAR with β1 and impaired β1-integrindependent spreading and migration of human vascular smooth muscle cells on fibronectin and collagen [79] . A second peptide that inhibits uPAR-integrin complex formation, P25, was able to decrease tumor cell attachment to vitronectin and increase tumor cell attachment to fibronectin [80] . P25 administered using osmotic mini-pumps also inhibited the experimental metastasis of MDA-MB-231 cells to bone [81] . Peptides derived from uPAR are also able to inhibit integrin interactions with uPAR. The D2A peptide (amino acids 130-142 of mature human uPAR) and a truncated version of this peptide (GEEG; amino acids 133-136) stimulate integrin-dependent signaling and migration of smooth muscle cells whereas antagonist versions of these peptides (D2A-Ala and GAAG, respectively) inhibit these activities (59) . In addition, a mutated peptide (S245A) derived from a sequence in DIII of uPAR (aa 240-248) also inhibits the uPAR-α 5 β 1 interaction and down-regulates ERK signaling. However, despite these initial results implicating uPA-integrin interactions as potential targets for uPAR targeted therapy, there has been little progress in developing therapeutic agents that inhibits these interactions.
Several groups have also focused on using antibodies to target uPAR. Interest in antibody therapeutics in general has been increasing over the past decade due to a number of approved agents for the treatment of cancer and other diseases validating this therapeutic strategy and this trend in pharmaceutical development is now spilling over into the uPAR field. In a proof-of-principle study, Rabbani and Gladu showed that a polyclonal rat antibody targeting the NH 2 terminus of rat uPAR could inhibit tumor growth and lead to regressions in a syngeneic rat breast cancer model using Mat BIII cells [81] . In that study, significant apoptosis as well as inhibition of invasion were noted in the tumors. Because these were immunocompetent animals and the antibody was also of rat origin, it was possible that antibody-dependent cell-mediated cytotoxicity could have contributed to the observed antitumor effects. Since the antibody used in these studies was a polyclonal, albeit only targeting the first ~100 amino acids of uPAR, it could also interfere with multiple epitopes and activities of uPAR. Despite this promising result, there has been very little activity in developing an antibody therapeutic targeting uPAR until recently. Fully human monoclonal antibodies that block uPA binding to uPAR were described above [4] . Consistent with other approaches that target the uPA-uPAR interaction, these antibodies exhibit modest antitumor effects inhibit tumor cell invasion in vitro and tumor growth by 25% to 50% in vivo and affect uPAR-dependent signaling by down-regulating extracellular signal-regulated kinase and focal adhesion kinase phosphorylation in tumors grown in vivo.
Our laboratory has focused on identifying uPAR antibodies that do not inhibit the uPAuPAR interaction but that can alter other partner interactions. We developed a panel of uPAR monoclonal antibodies (MAbs) raised against the DIIDIII fragment of uPAR. These antibodies bind to intact uPAR as well as the DIIDIII fragment of uPAR with similar affinity but do not inhibit uPA binding to uPAR [82] . None of the antibodies raised against the DIIDIII fragment of uPAR were internalized and were therefore not amenable to drug conjugation and delivery; however they do show interesting therapeutic potential. These antibodies were screened in a panel of in vitro assays which led to the identification of several lead uPAR MAb and these were evaluated in subcutaneous A549 tumors in SCIDbeige mice. Based on initial studies, we identified a candidate uPAR MAb, ATN-658, that has now shown significant antitumor activity in several orthotopic animal tumor models. ATN-658 inhibited the growth, invasion, and metastasis of the pancreatic carcinoma cell line L3.6pl and was able to enhance the antitumor activity of the positive control, gemcitabine [83] . In that study, ATN-658 monotherapy was able to significantly inhibit (~70%) tumor cell proliferation in vivo, an unexpected observation for a uPAR targeted therapy. We also determined that ATN-658 is absolutely specific for human uPAR and does not cross-react with nonhuman uPAR(except for chimpanzee and gorilla uPAR). Thus, the observed antiproliferative activity was likely due to a direct antagonistic effect on the xenografted tumor cell uPAR because this antibody is not able to mediate antibodydependent cell-mediated cytotoxicity in mice and does not bind to host uPAR and tumor vasculature. The lack of cross-reactivity of ATN-658 for nonhuman uPAR also suggests that xenograft tumor models may underestimate the antitumor activity of this antibody in man. In a model of colon cancer metastasis, where the human colon carcinoma cell line HCT-116 is inoculated directly into the liver, ATN-658 inhibited tumor growth regardless of whether treatment was started when tumor burden was low (day 4) or high (day 11, average tumor volume in a satellite group of animals was >400 mm3) [84] . The antitumor effect was more pronounced in the animals with high tumor burden where ATN-658 inhibited tumor growth by ~85%. Similar to the pancreatic cancer studies, a profound inhibition of tumor cell proliferation was also observed in these studies.
The mechanistic aspects of the antitumor effects of ATN-658 were evaluated at the molecular level in several additional tumor model studies. ATN-658 inhibited PC-3 cell growth subcutaneously as well as when cells were inoculated in the tibia in a model of prostate cancer metastasis [82] . Qualitatively, the inhibition of tumor growth in the tibia was greater than when the tumors were grown SC. In this study, ATN-658 inhibited activation of FAK, MAPK, and AKT in PC-3 cells cultured in vitro and grown intratibially in vivo. More recently, ATN-658 was demonstrated to inhibit the growth and dissemination of several different ovarian cancer cell lines (CaOV3, SKOV3ip, Hey8) inoculated intraperitoneally in vivo [85] . Similar to the pancreatic cancer study described above [85] , the magnitude of the antitumor activity of ATN-658 monotherapy was similar to the chemotherapy positive control (in this study, paclitaxel), and an enhancement of antitumor activity was observed when the two agents were combined [85] . Tumors from ATN-658 and vehicle treated mice were analyzed using Affymatrix gene chips and a number of changes in gene expression were observed in the ATN-658 treated cohort including the down regulation of FGFR1, β 3 , c-Met, HGF, CD44, RHO, CDK8, JAK1, and JAK3 expression. Many of these genes have been implicated as being important to tumor progression and as therapeutic targets. To confirm the gene chip analysis results, the down-regulation of expression of FGFR1 and β 3 were further confirmed by qRT-PCR and western blotting [85] . Treatment of ovarian carcinoma cell lines with ATN-658 also resulted in downregulation of expression of FGFR1 and β 3 and these results were consistent across several different ovarian carcinoma cell lines (CaOV3, SKOV3ip) in vitro and in vivo. In these studies, ATN-658 also down-regulated uPA and uPAR expression as well as the co-localization with and expression of α 5 β 1 , which resulted in increased tumor cell apoptosis. Again, these effects could be observed both in vitro and in vivo and were consistent across several different ovarian cancer cell lines tested.
ATN-658 has been now been humanized (huATN-658) and is currently in preclinical development with an Investigational New Drug filing anticipated in late 2011. Assuming that huATN-658 is advanced into human cancer clinical trials, it will be the first uPAR targeted therapy to be evaluated in patients.
FUTURE DIRECTIONS
uPAR targeted therapeutic approaches have finally reached a stage where targeting uPAR has been validated as a promising therapeutic intervention in cancer and the first uPAR targeted molecule is expected to advance into the clinic in the near future. The pleiotropic nature of uPAR interactions and function has presented both a challenge and an opportunity for targeting this receptor. Through the mechanistic study of uPAR and its ligands, multiple therapeutic approaches have emerged. Unfortunately, it has taken some time to sort through the catalog of approaches to identify those that might be most viable. The current level of understanding of uPAR function has just reached a level where several "druggable" functions are now being pursued. uPAR dependent internalization may represent one way of delivering targeted therapy to cells and is especially attractive because it appears to be very selectively expressed in tumor but not in normal tissue. However, direct targeting of uPAR using an antibody raised against DIIDIII of uPAR (i.e. ATN-658) does not mediate internalization, which is however elicited in our studies using an antibody raised against uPA (ATN-291). Antitumor effects observed from the direct targeting of uPAR using ATN-658 are likely due to direct antagonistic effects of this antibody on uPAR function as this antibody is an IgG 1 isotype and has been confirmed not to mediate ADCC in the studies described above. ATN-658 affects gene expression and signaling relevant to tumor growth and down-regulates uPA and uPAR expression as well as uPAR-α 5 β 1 co-localization, providing strong rationale for advancing the humanized version of ATN-658 (huATN-658) into clinical evaluation. Thus, the hypothesis that interfering with uPAR function may have therapeutic relevance for the treatment of cancer will hopefully become a testable reality in the near future. Fig. (1) . uPAR-dependent pathways Extracellular proteolytic and intracellular signaling pathways are depicted. uPAR-domains 1, 2 and 3 are labeled; uPAG(GFD), K (kringle) and SP(serine protease domain); ECMextracellular matrix; PAI-1-plasminogen activator inhibitor-1. Fig. (2) . uPAR expression in normal and tumor tissues A) Tissue microarray (TMA)data of normal and randomly selected tumor tissue. TMA FDA801 (normal tissue) and FDA801-2 (normal and tumor) were purchased form Biomax (Rockville, MD) and analyzed for uPAR expression by immunohistochemistry (IHC) using ATN-658. IHC was performed by Phenopath Laboratories and immunostaining was reviewed and scored by a board certified pathologist. B) IHC using uPAR antibody on selected tumor sections. Random tumors and normal sections were analyzed for uPAR using ATN-658 immunostaining. Fig. (3). ATN-291 is internalized by the breast cancer cell line, MDA-MB-231 A) Endocytosis is a temperature-dependent process and occurs at 37 °C but not 4°C. The internalization of [ 125 I]ATN-291 was followed at 4° and 37°C as previously described [4] . MDA-MB-231 cells express both uPA and uPAR and ATN-291 specifically binds to endogenously expressed uPA on MDA-MB-231 cells (data not shown). B) Oregon greenlabeled ATN-291 (OG-ATN-291) was visualized in MDA-MB-231 cells after internalization by fluorescence microscopy. Cells were treated with 25 nM OG-ATN-291 for 1 hr. at 4°C. Cells were washed and transferred to buffer kept at 4 °C or warmed to 37 °C to initiate internalization. After 1 hour, cells were fixed and visualized. Proposed scheme for uPA targeted delivery of nanobin formulated drugs to tumor.
